Abstract Myeloproliferative neoplasms (MPNs) are a group of clonal hematopoietic stem cell disorders characterized by aberrant proliferation of one or more myeloid lineages often with increased immature cells in the peripheral blood. The three classical BCR-ABL-negative MPNs are (1) polycythemia vera (PV), (2) essential thrombocythemia (ET), and (3) primary myelofibrosis (PMF), which are typically disorders of older adults and are exceedingly rare in children. The diagnostic criteria for MPNs remain largely defined by clinical, laboratory, and histopathology assessments in adults, but they have been applied to the pediatric population. The discovery of the JAK2 V617F mutation and, more recently, MPL and calreticulin (CALR) mutations are major landmarks in the understanding of MPNs. Nevertheless, they rarely occur in children, posing a significant diagnostic challenge given the lack of an objective clonal marker. Therefore, in pediatric patients, the diagnosis must rely heavily on clinical and laboratory factors and exclusion of secondary disorders to make an accurate diagnosis of MPN. This review focuses on the clinical presentation, diagnostic work up, differential diagnosis, treatment, and prognosis of the classical BCR-ABL-negative MPNs (PV, ET, and PMF) in children and highlights the key differences to the adult diseases. Particular attention will be given to pediatric PMF, as it is the only disorder of this group that is observed in infants and young children, and in many ways appears to be a unique entity compared to adult PMF.
Introduction
The 2008 World Health Organization (WHO) Classification of Tumours of Haematopoietic and Lymphoid Tissues defines myeloproliferative neoplasms (MPNs) as a phenotypically diverse group of clonal hematopoietic stem cell (HSC) disorders characterized by (1) hyperproliferation of one or more of the components of the myeloid compartment and (2) evidence of increased immature cellular forms in the peripheral blood (PB) [72] . These conditions were first described in 1951 by William Damashek as Bmyeloproliferative disorders^(MPD), a group which included four distinct clinico-pathologic entities: (1) chronic myelogenous leukemia (CML), (2) polycythemia vera (PV), (3) essential thrombocythemia (ET), and (4) primary myelofibrosis (PMF). These Bclassical MPDs^were originally categorized based on the abnormal proliferation of a predominant myeloid compartment (i.e., granulocytic in CML, erythroid in PV, megakaryocytic in ET).
In 2008, the WHO revised the classification for MPDs and renamed those disorders myeloproliferative neoplasms (MPNs) to emphasize their clonal and therefore malignant nature. Under the WHO classification, MPNs now include the four Bclassic MPDs^(1) PV, (2) ET, (3) PMF, and (4) CML as well as the following conditions: (1) chronic neutrophilic leukemia (CNL), (2) chronic eosinophilic leukemia, not otherwise specified (CEL, NOS), (3) systemic mastocytosis, and (4) myeloproliferative neoplasm (MPN), unclassifiable. Finally, myeloid and lymphoid neoplasms associated with eosinophilia and abnormalities of platelet-derived growth factor receptor α and β (PDGFRA and PDGFRB), or fibroblast growth factor receptor 1 (FGFR1) were also incorporated into the WHO classification as a new subcategory.
While the diagnostic criteria for MPNs remain largely defined by clinical, laboratory, and histopathology assessments, advances in genetics have identified abnormalities in receptor tyrosine kinases (TKs) in a large subset of patients. The identification of genetic alterations in TKs (JAK2, MPL) and recently calreticulin (CALR) has advanced our understanding of MPNs and will likely shape future classification and diagnostic strategies.
With the exception of CML, which is Philadelphia-positive (Ph+), the remaining classical MPNs (PV, ET, and PMF) present as Philadelphia-negative (Ph−) conditions primarily occurring in middle and advanced age adult patients [34] . Apart from CML, these disorders, particularly PMF and ET, are exceptionally rare in children and adolescents [27] , with an incidence approximately 100× less than that of adults [79] . PV has only been reported anecdotally in pediatrics [25] and is generally observed in teenagers or young adults. Other pediatric disorders with features of MPNs, such as myelodysplastic syndromes/ myeloproliferative neoplasms (MDS/MPNs), particularly juvenile myelomonocytic leukemia (JMML), are unique disorders of childhood and are discussed separately in this issue in a report by Calvo et al.
Given the rarity of these conditions and challenges in the diagnosis of MPNs in pediatric patients, this review focuses on PV, ET, and PMF. Their clinical presentation, diagnostic work up, differential diagnosis, treatment, and prognosis in pediatric patients are discussed. Among the classical MPNs, only PMF has been observed in young children and infancy and appears to be a unique disorder different from adult PMF, which is also discussed in greater detail in this review.
Historically, the clinical and hematologic findings in children with Ph− MPN were considered similar to those in adults. As a result, diagnostic criteria developed for adult patients with Ph− MPN and were subsequently applied to pediatric cases [50, 77, 86] . Likewise, treatment approaches have been adopted on the basis of adult recommendations [13, 22, 25, 38, 44] . More recently, however, several studies have identified important differences between adult and pediatric patients with PV, ET, and PMF. For example, the majority of adult patients with Ph− MPN are due to the JAK2 V617F; this variant occurs at a much lower frequency in children with MPNs [59, 80] . Although the pediatric literature on MPN is sparse, there appear to be critical differences in the differential diagnosis, natural history, clinical outcomes, and treatment approaches when compared to adult patients with MPN [22, 25, 59, 80, 82] . Therefore, a specific pediatric approach to Ph− MPN (PV, ET, and PMF) in children and young adults should be considered and is discussed in detail in this review.
Polycythemia vera Definitions and epidemiology
PV is defined as an elevated red cell mass (RCM) after secondary conditions of erythrocytosis, such as hypoxia or inappropriate erythropoietin (EPO) production, have been ruled out. The bone marrow (BM) in PV is notable for massively increased erythropoiesis. A concurrent increase in platelets and granulocytes in the PB may be also noted. PV is the most common MPN in adults with an incidence of 1.1 cases per 100,000 per year. It is typically a disorder of older individuals with a median age at diagnosis of 60-65 years.
Designated studies on pediatric PVare limited to small case series and case reports. Therefore, the exact incidence of PV in pediatric patients is unknown but is estimated to be approximately 2 cases per 10 million persons under 20 years old per year [45] . Similar to PV in adults, there appears to be a male predominance at a ratio of approximately 2:1 [25, 80] . The median age at diagnosis in pediatric PV is 16 years [25] .
Pathophysiology and molecular genetics
PV was among the first hematopoietic conditions demonstrated to be a clonal disorder. All PV cells of myeloid origin (as well as subpopulations of lymphoid cells) originate from the malignant clone, supporting the theory that PV arises from a pluripotent HSC.
Almost all adult patients (90-95 %) with PV carry a somatic activating mutation, V617F in the TK JAK2. JAK2 is an intracellular signaling molecule that is coupled to hematopoietic growth factor receptors, including EPO and thrombopoietin (TPO). JAK2 V617F causes activation of the JAK2 kinase domain leading to EPO-independent autonomous erythropoiesis. Most of the remaining JAK2 V617F-negative PV cases have activating mutations in exon 12 of JAK2 and, unlike most cases of PV, are not associated with thrombocytosis and leukocytosis. The prevalence of JAK2 V617F mutations is much lower in pediatric PV compared to adults [25, 32] , suggesting an age-dependent increase of acquired somatic mutation in JAK2. Interestingly, there have been case reports of prenatal origin of JAK2 V617F mutations in young PV patients [35] .
Clinical features
In adults, approximately 80 % of PV cases are symptomatic at the time of diagnosis. The majority of patients present with headache, pruritus, and fatigue. Other common signs include dyspnea, dizziness, visual changes, weight loss, epigastric pain, paresthesias (erythromelalgia of hands and feet), and excessive sweating, all of which are thought to be secondary to hyperviscosity from increased RCM [8] . Only about half of pediatric PV patients present with symptoms related to polycythemia [25] . Thrombosis and bleeding are significant causes of morbidity and death in adult patients with PV occurring iñ 30 and 8 % respectively [8, 43] . In contrast, no pediatric PV patients experienced these complications after a median follow-up of >9 years [8, 25] .
On clinical exam, common findings in adults include hepatosplenomegaly, plethora, cutaneous ulcers, and pulmonary hypertension; however, these findings are less common in children. Splenomegaly is seen in about one third of pediatric PV patients [8, 25] .
Differential diagnosis
In order to establish the diagnosis of PV, it is important to distinguish between absolute polycythemia-defined by an increase in the total RCM and present in PV-and relative polycythemia-defined by a decreased plasma volume and found secondary to intravascular hypovolemia. Traditionally, isotope testing was used to make an exact determination of the absolute RCM. However, this has become less important with the discovery of JAK2 mutations, which can by used to confirm a molecular diagnosis.
In addition, it is important to differentiate PV from secondary causes of erythrocytosis, usually related to elevated EPO levels. Appropriately high EPO levels may occur in setting of chronic hypoxia (e.g., high altitude, sleep apnea, smoking), while inappropriately high EPO levels may occur with exogenous EPO administration (e.g., Bblood doping,^chronic kidney disease) or endogenous EPO overproduction (e.g., renal, liver or other tumors, renal transplantation) [57] . Specific causes of secondary polycythemia in neonates and children include increased Hgb in the neonatal period, twin-twin transfusion syndrome or maternal-fetal bleeds, polycythemia of the newborn (common in infants born to diabetic mothers), adrenal hyperplasia, thyrotoxicosis, trisomy 13, 18, or 21, high oxygen affinity hemoglobin, and congenital low 2,3-bisphosphoglycerate. Furthermore, congenital causes of erythrocytosis (familial polycythemic states) need to be ruled out to establish the diagnosis of PV, which include (1) Chuvash-type polycythemia due to VHL mutations leading to autonomous high EPO production and (2) autosomal dominant polycythemia due to truncating EPO receptor mutations [12, 57] .
Laboratory and histopathology features
In pediatric PV, features on laboratory testing are similar to those found in adults and include (1) leukocytosis with a mean WBC of 6.7-10.8×10 The BM in pediatric PV is typically hypercellular with erythroid hyperplasia. Increased megakaryocytes, including large atypical forms with hyperlobated nuclei, are often noted. Mildly increased reticulin can be seen in some patients.
The revised WHO diagnostic criteria for PV are outlined in Table 1 and require the presence of a JAK2 mutation and an increased RCM (major criteria). In contrast to adults, JAK2 V617F mutations occur only in about 30 % of sporadic pediatric PV patients and are not seen in hereditary erythrocytosis. Thus, the major diagnostic criteria cannot be fulfilled in most pediatric patients and two minor criteria need to be met to make a formal diagnosis [76] . Based on a number of smaller case series, all pediatric patients present with a hypercelullar marrow, but only 30 % have a low serum EPO level or increase endogenous erythroid colony (EEC) growth. Therefore, the current diagnostic criteria for PV are suboptimal in children as the diagnosis can only be confirmed in approximately 50 % of pediatric patients [81] .
Treatment, clinical outcome, and prognosis PV is a chronic disorder for which hematopoietic stem cell transplant (HSCT) is the only curative therapy. Given the high morbidity and mortality associated with HSCT and the generally favorable prognosis with chronic indolent disease, HSCT has been reserved for younger patients with poor prognosis. Studies on HSCT outcomes of children with PV do not exist and only a single successful case report has been described [60] . Pediatric treatment approaches and outcomes have recently been reported in the largest pediatric case series ever, which included longterm follow-up to 10 years [25] . In this series, a majority of children with PV were managed with phlebotomy or erythrocytapheresis (75 %). A subset of patients required additional hydroxyurea (HU) (25 %) to reduce progressive splenomegaly and decrease Hct. Antiplatelet therapy with low-dose aspirin has also been utilized. In contrast to adults, who are at increased risk for marrow fibrosis, leukemia (25-50 % of postpolycythemic patients with marrow fibrosis develop acute myeloid leukemia (AML)), and thrombohemorrhagic events, none of these events occurred in children after a median follow-up time of 9.4 years. Only two patients (18 %) developed splenomegaly with associated grade 2 marrow fibrosis at 3 and 7 years, respectively [25] . The long-term life expectancy for pediatric PV patients is unknown.
Essential thrombocythemia Definitions and epidemiology
Essential thrombocythemia (ET) is characterized by increased megakaryopoiesis, persistent thrombocytosis, the risk of vascular complications (including thrombosis and bleeding), and the risk of leukemic transformation [14, 77] . ET is the second most common MPN in adults with a median age at diagnosis of 60 years and an incidence of 0.5-2 cases per 100,000 persons per year [16, 24, 26, 47, 55, 90] . There is a female-tomale predominance of 1.5-2:1, which is more skewed tow a r ds f e m a l e pa t i e nt s in y o u ng e r p op u l a t i o ns . Epidemiologic studies on pediatric ET are rare. The incidence of pediatric ET is estimated at 1 case in 10,000,000 children (<14 years old) per year [27] with a median age at diagnosis of 6.5 to 17 years and a wide age distribution (range from 0.2 to 19 years) [23, 37] . Similar to adult ET patients, there is a female predominance [25] . ET is an acquired condition and must be distinguished from hereditary or familial forms of thrombocythemia. In these disorders, which are generally autosomal dominant, thrombocythemia occurs at a younger age and has been described in infants [25] .
Pathophysiology and molecular genetics
Almost all patients with ET (90-95 %) have a normal karyotype. JAK2 V617F mutations are present in 40-50 % of adult patients and are associated with higher Hgb levels and neutrophil counts. A small subset of adult ET patients (3-5 %) has an acquired somatic activating mutation in the TPO receptor (MPL). Recently, mutations in CALR have also been identified on double negative (JAK2−, MPL−) cases of ET. Germline mutations in MPL [19] , as well as rare cases of non-JAK2 V617F (variants V617I and R564Q), have been found in families with hereditary thrombocytosis [46] . In addition, next generation sequencing (NGS) studies have identified somatic mutations on ASXL1 and TET2 and might be suggestive of clonal evolution [11, 18, 75] . Similar to other MPNs, ET shows increased in vitro sensitivity to cytokines with increased colony formation (i.e., EEC growth), megakaryocytic progenitor sensitivity to TPO, and endogenous megakaryocyte colony formation [20, 49] .
Clinical features
The majority of children with ET are asymptomatic (65-75 %), and thrombocytosis is discovered as an incidental finding on routine evaluation. If symptoms occur, they are often non-specific with headaches being the most common in children [25] . Splenomegaly is found in up to 19 % of pediatric patients and hepatomegaly can be seen on occasion [25] . The majority of reported symptoms are vasomotor in nature and are thought to arise due to abnormal platelet-endothelial interactions. Inappropriate vasomotor response leads to circulatory problems that manifest as neurological symptoms such as dizziness, headaches, syncope, transient ischemic attacks, acroparesthesias, and vision changes. Splenomegaly is present in about 25 % of adult patients. Other symptoms may include ischemia, nausea, vomiting, and abdominal pain. In contrast to adults who have a 10-25 % incidence of thromboembolic events at diagnosis, children almost never present with thrombosis [25] . A small subset of adult ET patients (4 %) can suffer from bleeding complications, which have not been reported in pediatric case series. However, extreme thrombocytosis (>1000×10 9 /L) can lead to acquired von Willebrand disease (vWD) in some cases.
Differential diagnosis
The diagnosis of ET requires a persistent thrombocytosis, currently defined as a platelet count of >450×10 9 /L, as well as requires the exclusion of alternative diagnosis including (1) reactive thrombocytosis, (2) other disorders that lead to thrombocytosis such as other MPNs, and (3) specific subclasses of MDS (eg., 5q-syndrome, refractory anemia with ringed sideroblasts associated with marked thrombocytosis (RARS-T)), the latter being extremely rare in children. Common causes of reactive thrombocytosis in children are outlined in Table 2 .
Laboratory features and histopathology
Similar to adult ET, pediatric ET patients show moderate leukocytosis with a mean WBC of 8.4-9.8×10 9 /L. The mean Hct is~39.8 % and is higher in patients with sporadic forms of ET than in hereditary forms. Thrombocytosis-the hallmark of ET-is typically observed at a mean value of 1109×10 9 /L [25] . The PB smear often shows anisocytosis of the platelets with large to giant platelets and occasional circulating megakaryocyte fragments. White and red blood cell morphology is usually unremarkable. If significant leukoerythroblastosis and teardrop cells are present, a diagnosis of PMF or pre-fibrotic stage of PMF should be considered. Howell-Jolly bodies can be seen in functional hyposplenism or post-splenectomy patients.
The BM histology in pediatric ET is similar to those in adults and is characterized by a normocellular to hypercellular marrow. BM histology may also demonstrate increased megakaryocytes occurring in clusters with large megakaryocytes (Fig. 1) . Megakaryocytes show abundant cytoplasm and prominent nuclear lobation (hyperploid nuclei) and often Bstaghorn-like^megakaryocytes. Occasional Bcloud-like^f orms traditionally thought to be more characteristic of PMF can be seen in some ET cases as well [89] . Reticulin fibrosis is absent or low-grade (0-1/1) typically; low-grade fibrosis is seen in 20 % of pediatric patients. If fibrosis is more pronounced, the diagnosis if PMF should be considered. The factors highlight that the differential diagnosis of true ET from prefibrotic myelofibrosis based on histologic criteria described in the WHO remains challenging [89] (Fig. 2) . Ultimately novel molecular makers such as CALR might be more helpful to diagnosis and influence future classification systems.
Dysplasia is minimal or absent and, if present, MDS with fibrosis should be considered. Ringed sideroblasts are usually not seen and if noted in >15 % of erythroid precursors, the rare provisional entity of RARS-T should be contemplated. The current WHO diagnostic criteria for ET are outlined in Table 3 .
Similar to adult ET, JAK2 V617F mutations are present in 40-50 % of sporadic pediatric cases but are not found in hereditary forms of pediatric ET [25] . Clonal hematopoiesis can be demonstrated in the majority of female pediatric patients with sporadic ET. In contrast, the recent study by Giona et al. found germline-activating MPL S505A mutations in 94 % of hereditary ET cases [25] .
Treatment options and prognosis
Treatment options for pediatric ET are largely adopted from adult populations and are widely heterogeneous. Treatment for adult ET is typically administered after a risk stratification system has been applied. High-risk patients are usually defined as older (>60 years) with prior history of thromboembolic events. Low-risk patients are younger (<60 years) without history of thrombosis or cardiovascular risk factors. A standard treatment approach for pediatric ET does currently not exist. However, therapeutic approaches usually center on antiplatelet or cytoreductive therapy. Most pediatric patients are started on low-dose aspirin, which is generally recommended for low-risk adult ET patients as well. An important exception to the use of low-dose aspirin is in patients with extremely high platelet count as they are at risk for acquired vWD, which should be ruled out by ristocetin co-factor activity prior to initiating therapy. Cytoreductive therapy is indicated in high-risk adult ET patients and has been used in 50 % of pediatric ET patients, primarily in sporadic ET cases [25] . The most common agents used are HU and anagrelide (ANA) followed by single interferon-α (IFN-α) or in combination with HU [25] .
Recently, clinical trials of targeted JAK2 inhibitors, such as ruxolitinib, have shown encouraging results in adult patients. Several pediatric investigators have proposed risk adaptive treatment strategies for pediatric ET patients that may be considered [37] . Cocaine and maternal morphine exposure (in neonates) Low molecular weight heparins
Adapted from [37] Adult patients with ET are at significant risk for the development of fibrosis, thrombosis, and leukemic progression. The risk of leukemia increases over time and is higher in the second and third decades after diagnosis [55, 56] . Karyotype was normal. Molecular analysis was negative for BCR-ABL but showed a JAK2 V617F mutation. The patient was initially diagnosed with MPN most consistent with ET based on the histologic findings but over time developed increasing Hgb with concern for possible polycythemia vera. 9 cells/L. No splenomegaly present on exam. Karyotype was normal. Molecular analysis was negative for BCR-ABL, JAK2 V617F, and MPL, but revealed a deletion type CALR mutation. The images show both features of essential thrombocythemia (ET) (large atypical often hyperlobated megakaryocytes) and primary myelofibrosis (PMF) (moderate increase in reticulin in increased vasculature) highlighting the fact that the histologic differential in these disorders is not always straightforward. a and b Display representative images of the bone marrow (BM) biopsy showing a markedly hypercellular marrow for age with an increased myeloid-to-erythroid ratio and a marked increase in megakaryocytes, which occur in larger clusters with marked variation in size. Small forms with condensed chromatin as well as large forms with abnormal chromatin clumping and occasional markedly hyperlobated forms are seen (×200 and ×400). c and d Reticulin stain shows overall diffused moderate increase in reticulin with marked perivascular fibrosis (×200 and ×400). e CD61 highlights markedly increased atypical megakaryocytes occurring in clusters. CD61 is also positive in associated platelets that are increased (×200). f CD34 shows increased dilated vessels (×200) time of over 10 years [25] . In this study, only a small fraction (8 %) of children developed thrombosis, all of whom had concurrent infections. Splenomegaly with progressive reticulin fibrosis was seen in 9 % of patients at a median time of 108 months. The most feared complication-development of acute leukemia-was not observed in any patient. The risk of first-trimester miscarriages was low and similar to the general population.
Primary myelofibrosis Definitions and epidemiology
Myelofibrosis (MF)-previously known as idiopathic MF, myeloid metaplasia with MF, or agnogenic myeloid metaplasia-can occur de novo (primary MF or PMF) or secondary to the development of marrow fibrosis after PVor ET (secondary MF) or in association with CML [48, 76] . P M F i s c h a r a c t e r i z e d b y P B c y t o p e n i a s , leukoerythroblastosis, ineffective hematopoiesis, proliferation of dysfunctional megakaryocytes with reticulin and/or collagen fibrosis in the BM, and dysregulated cytokine production as well as intramedullary hematopoiesis (EMH) and hepatosplenomegaly. It carries the worst prognosis of the classical MPNs.
Adult PMF is the least common of the Ph− MPNs with an incidence of 0.2-1 per 100,000 persons per year [52, 61] and a male predominance. PMF is a disease of the older adult patient with a median age at diagnosis of 65-79 years and only 10 % of cases diagnosed under the age of 45 years [52, 61] .
PMF in children is exceedingly rare; only 42 total cases have been reported in the literature [3, 9, 17, 21, 42, 63, 64, 67, 68] . The largest study of pediatric PMF recently reported 19 patients from a single institution [17] . Given the rarity of the disease, precise epidemiologic data are lacking and the pediatric incidence is unknown. Based on the recent case series by DeLario et al., the median age at diagnosis of pediatric PMF is 14 months (range 0-17 years) with a male predominance (1.7:1) [17] . It appears that pediatric PMF has a heterogeneous phenotype with variable outcomes ranging from spontaneous resolution to a rapidly progressive, sometimes fatal, disease curable only by HSCT. The clinical, histological, and molecular features of pediatric PMF differ from adult PMF. Importantly, a significant subset of pediatric patients came from consanguineous families with familial disease with more than one affected child in the pedigree [17, 67, 68] . This, along with the early onset of disease often in infancy, suggests that many cases represent hereditary myelofibrosis attributable to an autosomal recessive Mendelian trait.
Pathophysiology
Marrow fibrosis and EMH are the hallmarks of PMF. Clonal studies have confirmed the stem cell origin of the disease [33, 73] . The proliferation of clonal HSC leads to the production of excessive cytokines and growth factors within the BM niche. This process results in reactive proliferation of fibroblasts and mesenchymal cells [6, 29] . The number of circulating HSCs (CD34 low cells) is significantly increased in PMF compared to other MPNs and even to other marrow stress with fibrosis, such as in secondary fibrosis due to metastatic carcinoma [5] . The number of circulating HSCs appears to be directly correlated with advanced BM fibrosis [7] . The clonal proliferation of megakaryocytes leads to overproduction of a number of growth factors, including: platelet-derived growth factor (PDGF), transforming growth factor-B (TGFb), epidermal growth factor (EGF), and basic fibroblastic growth factor (bFGF). This leads to the stromal reaction, which ultimately produces fibrosis. Furthermore, angiogenesis seems to play an important role in the disease process as an increased marrow vasculature is frequently observed in PMF [29, 74] .
Molecular genetics
Somatic mutations in JAK2 V617F are found in~50 % of adult patients. An additional 5-10 % of patients have a somatic mutation in MPL (MPL W515K/L), leaving about~40 % of PMF patients without an identified mutation (JAK2/MPL− cases). Recently, somatic mutations in the CALR gene were identified in 35 % of all PMF cases and in up to 88 % of JAK2/ MPL− PMF cases [36, 53] . All mutations identified were insertions or deletions in exon 9 of CALR causing frameshift mutations.
A recent NGS analysis of adult MPN patients revealed additional secondary mutations in ASXL1, EZH2, TET2, DNMT3A, and TP53 in PMF patients [40] . However, these secondary mutations also occurred in PV and ET and can be seen in MDS and other myeloid malignancies and are therefore not specific to PMF. Of the 34 PMF patients analyzed, BM bone marrow, PV polycythemia vera, PMF primary myelofibrosis, CML chronic myelogenous leukemia, MDS myelodysplastic syndrome 53 % had one somatic mutation, 18 % had two, and 15 % had three concurrent somatic mutations [40] . An increased number of somatic mutations were associated with reduced overall survival and increased risk of leukemic transformation. TP53 mutations were associated with a particularly poor prognosis [36] . Other recent studies have shown that mutations in ASXL1 and NRAS are of poor prognostic value [78, 85] . Whether these changes are present in pediatric PMF patients is unknown. The underlying genetics of PMF in children remains largely undetermined. In the recent case series by DeLario et al., 17 BM samples of pediatric samples were tested for JAK2 V617F and MPL W515K/L, neither of which was detected in any sample [17] . The investigators also performed arraycomparative genomic hybridization (array-CGH) and identified various abnormalities in six children with PMF [17] .
In a recent pediatric study of 14 children with PMF, CALR mutations were detected in 50 % of the cases [4] . All of these mutations were type 2 variant (K385fs*47), while type 1 variants (L367fs*46) were not detected. While there was no statistically significant difference in age, gender, and laboratory parameters between the CALR-mutated and CALR wild-type group, there appeared to be an association of CALR mutations in slightly older children (age 8-18 years). CALR mutations were not detected in the few young patients (age 2 years) tested [4] .
The underlying genetic mechanism of pediatric PMF particularly in young infants with congenital myelofibrosis remains poorly understood. In 2013, two independent studies identified homozygous germline mutations in VPS45 in several families characterized by neutropenia, neutrophil dysfunction, BM fibrosis, progressive bone marrow failure, hepatosplenomegaly, and nephromegaly secondary to EMH [70, 88] . No subsequent cases have been reported since then, supporting the fact that these are extremely rare conditions.
Cytogenetic studies in adult PMF show aberrations in 30-50 % of the patients at diagnosis with an increase to 90 % at the time of disease progression to AML. The most common cytogenetic changes include trisomies in chromosomes 8 and 9, del(13q), del(20q), del(12p), or trisomy 1q [31] . In contrast, cytogenetic changes in children with PMF are rarely detected.
Clinical features
Similar to adult PMF patients, the majority of children with PMF are symptomatic at diagnosis. However, in contrast to adult patients who frequently present with constitutional symptoms related to a cytokine-mediated hypercatabolic state, such as fatigue, weight loss, night sweats, fever, and pruritus, these symptoms are less frequently documented in children, although fever and fatigue have been observed [17] . The clinical presentation in children is often related to their cytopenias. In a recent case series containing 19 pediatric PMF patients, the majority of the patients had anemia (95 %, n=18) and thrombocytopenia (89 %, n=17). Neutropenia (37 %, n=7) and eosinophilia was observed in 37 % (n=7) and 10 % (n= 10) of the cases, respectively. Leukoerythroblastosis, a common finding in adult patients with PMF and a minor criterion in the WHO diagnostic criteria (Table 4) , was only observed in one child [17] . Organomegaly, a result of EMH, is frequently observed in both adults and children [17] . Other locations of EMH described in adult patients such as lymphadenopathy, vertebral column, lung, and skin involvement appear infrequently in children. Furthermore, EMH of the lungs can lead to pulmonary hypertension and is associated with a poor prognosis [66] .
In general, children with PMF show a wide spectrum in their clinical presentation, some with a chronic indolent course and signs of cytopenias, others with a rapidly progressive and often fatal disorder more commonly observed in early infancy [67, 68] .
Differential diagnosis
The WHO diagnostic criteria for PMF are outlined in Table 4 and have largely been developed with the clinical, laboratory, and molecular features found in adult PMF. As discussed, JAK2 V617F and MPL mutations are extremely rare and in some reports absent in children with PMF. Therefore, fulfilling the third major PMF criterion is unlikely. Other clonal markers in children rarely exist. A few cases with varying array-CGH abnormalities have been described but their clinical significance is uncertain [17] . Given that the molecular underpinnings in pediatric PMF are not known, the diagnosis in children must rely heavily on excluding alternate causes (Table 5) . Careful clinical and laboratory assessment and evaluation of the bone marrow pathology are essential to make an accurate diagnosis and initiating the appropriate therapy. Interval follow-up is often required to confirm the diagnosis or rule out more acute disorders, such as acute megakaryoblastic leukemia, AML-M7 (acute myelofibrosis), MDS with myelofibrosis or acute lymphoblastic leukemia (ALL). Ancillary laboratory and molecular and histopathology studies can aid in the diagnostic work up for children ( Table 6 ).
Given that the fibrotic marrow frequently cannot be aspirated, immunohistochemistry (IHC) studies and special stains may be required. CD34 and CD117 in conjunction with lineage-specific markers aid in the characterization of increased blast populations and help differentiate PMF from AML-M7 and ALL. CD34 also highlights the increased vasculature and dilated sinusoids often seen in PMF. IHC for CD3, CD20, CD4, and CD8 can highlight lymphoid aggregates and is important in ruling out autoimmune myelofibrosis (AIMF), a disorder characterized by marrow fibrosis, lymphoid aggregates, and a benign clinical course. Patients with AIMF typically show mild fibrosis, a hypercellular marrow with erythroid and megakaryocytic hyperplasia, and no dysplasia or megakaryocytic atypia. Lymphoid aggregates are usually non-paratrabecular and T cell prominent but can show a mixed B and T cell phenotype. Mild polytypic plasmocytosis can be observed as well [87] .
Laboratory and histopathology features
Anemia is the most common laboratory abnormality at presentation, followed by thrombocytopenia. Neutropenia is less common and observed in approximately one third of patients [17] . Studies on precise laboratory values at presentation of pediatric PMF are not available, but the available case reports suggest Hgb and platelet values in the range of 4.9-9.4 g/dL and 23-242×10 9 /L, respectively [30] . Other laboratory values commonly increased in adult PMF patients-including LDH, bilirubin, and uric acid levels suggesting high marrow cell turnover-are not well documented in children.
The PB smear requires careful evaluation for signs of marrow distress. While an overt leukoerythroblastic pictureclassical in adult PMF-is not always observed to the same degree in children [17] , signs of marrow stress such as occasional nucleated red blood cells, scattered teardrop erythrocytes, and left shifted myeloid cells with increased myeloid precursors may be noted. Platelets can show variable sizes including large forms.
The histopathologic features present in adult PMF, including hyerpcellularity, megakaryocytic hyperplasia, granulocyte proliferation, and decreased erythroid precursors, are also present in pediatric PMF [1, 17, 83, 84] . A systematic review of 19 pediatric PMF cases demonstrated hypercellular marrows with megakaryocytic hyperplasia and moderate to severe reticulin fibrosis. The myeloid-to-erythroid ratio was typically increased (n=10). Eosinophilia was observed in 40 % of the patients. Megakaryocytic dysplasia was observed in 40 % and characterized by hypolobated forms, separation of nuclear lobes, and micromegakaryocytes [17] . The classical megakaryocytic dysplasia described in adult PMF, such as hyperchromatic, smudgy, bulbous, and cloud-like nuclei, were not observed in this series but have been commented upon in other pediatric PMF cases as demonstrated in Fig. 3 . IHC staining for CD61 can be helpful to highlight atypical and identify micromegakaryocytes. IHC for CD34 and CD117 (c-kit) should be considered to determine if blasts are increased, indicative of leukemic progression. The majority of pediatric PMF patients show moderate to severe reticulin fibrosis (grades 2-3), observed in 74 % of the patients, while the BM bone marrow, PV polycythemia vera, CML chronic myelogenous leukemia, MDS myelodysplastic syndrome remaining patients show mild (grade 1) fibrosis [17] . Fibrosis can be patchy and associated with the clustering of megakaryocytes (Fig. 3) or diffused. Grades 1-2 collagen fibrosis highlighted by trichrome staining has been observed in 37 % of pediatric PMF [17] . Significant osteosclerosis has not been observed [17] . A diagnostic BM aspirate is often difficult to obtain given the marked marrow fibrosis. This can make the differential diagnosis of MDS with fibrosis challenging, as a highquality aspirate is required to assess cytologic dysplasia.
Treatment, clinical outcome, and prognosis
In adult PMF patients, treatment approaches are largely based on palliative and supportive care. A number of cytoreductive agents have been used in adults, including hydroxyurea, busulfan, 6-mercaptopurine, and 2-chlorodeoxyadenosine (2-CDA/cladribine), interferon-α, lenalidomide, and thalidomide (in adults with 5q-and PMF). Other agents such as corticosteroids, androgens, danazol, as well as hematopoietic growth factors have been used as well. Recently, JAK2 inhibitors are becoming the first line of therapy in most patients and producing markedly improved outcome. None of these agents have been studied in children and are not routinely used.
Supportive care with red cell and platelet transfusions should be considered in children with PMF and is guided by the degree of cytopenia and symptomatology until definitive therapy with HSCT can be performed.
Progression to AML, which is the cause of death in 5-30 % of adult PMF patients, is rarely observed in children with PMF [17] .
HSCT is the only curative therapy for PMF and has been reserved for younger adult individuals with poor prognostic features. In pediatric patients with a confirmed diagnosis, most investigators have rapidly referred to HSCT to avoid delaying definitive therapy and secondary complications such as infections and transfusion dependency [17, 21] .
Outcomes after HSCT are reported in single or small case series reports with heterogeneous donors, stem cell sources, and conditioning regimens [10, 17, 21, 30, 51, 62, [64] [65] [66] 71] . Almost all reported cases are those of young children (<3 years) and infants. Overall, the HSCT outcomes for these patients were favorable with 21 of 28 transplanted patients surviving disease-free. Six patients were deceased and one patient had insufficient follow-up with pending engraftment at the time of the case report. Three out of the 28 children were infants with VPS45 mutation and myelofibrosis of which two survived after HSCT [71] . It is important to note that successful HSCT leads to the complete resolution of myelofibrosis with normal hematopoiesis. However, the histologic reversal of marrow fibrosis took time with improvements noted around 3 months and resolution typically by 1 year.
Occasional cases of spontaneous remissions, long-term stable disease, and resolution after a course of steroids have been described [3, 15, 17, 39, 41, 54, 58, 63, 64, 69] , suggesting that some of the cases diagnosed as PMF might in fact have been primary or secondary AIMF. While there are some recent case studies comparing PMF to AIMF and proving guidance differentiating the two conditions, this differential remains challenging in children [87] . If a trial of steroid therapy is considered in a pediatric patient with PMF, it is important to rule out a smoldering leukemia, namely, ALL and AML-M7, with the highest confidence in order to avoid masking an acute leukemia further. Furthermore, a trial of vitamin D should be considered in pediatric patients with myelofibrosis and low vitamin D levels [2, 28, 91] prior to considering more aggressive management of these patients.
No molecular testing is available to confirm the diagnosis of pediatric PMF. Furthermore, it is difficult to predict the disease evolution. Some children appear to show spontaneous regression or a long-term stable disease course. Other patients, in particular, young children with evidence of familial or congenital myelofibrosis, have been shown to have rapidly progressive disease leading to death early in life [67, 68] . For those patients expedited HSCT is indicated.
The only gene recently identified in pediatric PMF cases is VPS45. In many ways the disorder appears to be a distinct entity with immunodeficiency and other congenital abnormalities [70, 88] .
Prognostic scoring systems such as the Dynamic International Prognostic Scoring System (DIPSS) frequently used for risk stratification in adult PMF have not been employed for pediatric PMF patients. This is largely because some of the important risk factors such as age (>65) and unfavorable cytogenetics are not present in children. Furthermore, pediatric PMF is rare and therefore precludes a 9 cells/L. Cytogenetic and FISH studies showed a normal karyotype and were negative for monosomy 7, trisomy 8, and 5q-. Molecular studies were negative for JAK2 V617F, MPL, and VPS45 mutations. a-e The BM was aspicular and hypocellular secondary to difficult aspiration. Maturing myeloid and erythroid elements were noted with many hyperlobated neutrophils. Vitamin B12 and folate deficiency were ruled out. Background mature erythrocytes show anisiopoikilocytosis including microcytes, macrocytes, target cells, elliptocytes, pencil cells, acanthocytes, and teardrop forms. Hypochromasia and Howell-Jolly body-like inclusions are also noted (×1000). f-l Representative BM biopsy from the same patient. f and g shows H&E images demonstrating a normo-to hypercellular marrow for age with moderate megakaryocytic hyperplasia occurring in loose clusters with dysmorphic features, including large forms, cloud-like nuclei, and occasional small forms (×400). h Reticulin was moderately increased in particular in association with the megakaryocyte clusters (×200). i Immunohistochemistry (ICH) for CD34 shows no increase in blasts but vascular proliferation, focal liminal distension, and occasional intrasinusoidal hematopoietic elements (×200). j CD61 highlights clusters of atypical megakaryocytes with associated increase in platelets (×200). k CD71 highlights minimally decreased erythroid precursors (×200). l CD68 is positive in scattered histiocytes but also highlights osteoclasts (×200) systematic analysis of any prognostic scoring system in this population.
Conclusions
Classical Ph− MPNs are exceedingly rare disorders in children. While PV and ET appear to occur in older children, most pediatric PMF cases occur in infants and young children.
The majority of adult MPNs carry mutation in JAK2, MPL, and CALR. However, the majority of children with MPN do not carry any of those mutations and the underlying genetics remain largely unknown. Given the high proportion of familial and congenital cases, in particular in PMF, we can assume that many children have an inherited predisposition caused by germline mutations likely inherited in an autosomal recessive manner. The recent discovery of VPS45 mutations causing a unique syndrome of myelofibrosis, marrow failure, and immunodeficiency supports this hypothesis.
The majority of children and adolescents with PV and ET are managed with supportive care and sometimes cytoreductive therapies. Although occasional spontaneous regression of PMF has been observed, most children with PMF require HSCT and have good overall outcomes.
Given the rarity of MPNs in children, national and international collaborative efforts to study MPN in pediatric patients would aid in our understanding of these disorders and could facilitate new insight into genetic discovery through the use of NGS technologies.
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